In Nile tilapia, sex-specific expression of foxl2 and cyp19a1a in XX gonads and dmrt1 in XY gonads at 5-6 days after hatching (dah) is critical for differentiation of the gonads into either ovaries or testes. The factors triggering sexually dimorphic expression of these genes are unknown, and whether the gonadotropin hormones are involved in early gonadal sex differentiation of the Nile tilapia has been unclear. In the present study, we determined the precise timing of expression of follicle-stimulating hormone (FSH) and luteinizing hormone (LH) in the pituitary and that of their receptors (fshra and lhcgrbb) in the undifferentiated gonad in both XX and XY tilapia fry by quantitative RT-PCR and immunohistochemical analysis. Expression of fshb mRNA and Fsh protein in the pituitary was detected from the first sampling day (3 dah) to 25 dah in both XX and XY tilapia larvae without sexual dimorphism and increased gradually after 25 dah in the pituitary. fshra mRNA was expressed beginning 5 dah and was present at significantly higher levels in XX gonads than in the XY gonads at 6-25 dah. These results indicate that the level of Fsh protein in the pituitary was not critical for differentiation of gonads into ovaries or testes, but the expression level of its receptor, fshra, in undifferentiated gonads appeared to be involved in determining gonadal sexual differentiation. Based on these observations, it is likely that in XX gonads, up-regulation of fshra may be necessary to induce cyp19a1a expression, which stimulates estradiol17beta (E 2 ) production and subsequent ovarian differentiation. On the other hand, lhb mRNA was not detected until 25 dah in the pituitaries of both sexes, and sexual dimorphism in lhcgrbb mRNA levels appeared later (10-25 dah) than that of fshra in the gonads, indicating the limited role of LH and lhcgrbb in gonadal differentiation of the Nile tilapia.
INTRODUCTION
As with amphibians and mammals, the hypothalamuspituitary-gonad axis in fishes is the most important endocrine axis for regulating reproduction [1] . The gonadotropin hormones (GTHs), which belong to the glycoprotein hormone family, secreted from the pituitary gland are key hormones in regulating gametogenesis. GTHs include follicle-stimulating hormone (FSH) and luteinizing hormone (LH), which consist of an identical glycoprotein a subunit (CGA) and a hormonespecific b subunit (FSHB and LHB) [2] . Functionally, it is believed that FSH controls both vitellogenesis and spermatogenesis, whereas LH facilitates gamete maturation and spawning during the reproductive cycle of the fish [3] . Apart from regulating gonadal maturation of adult fish, GTHs recently have been reported to be expressed before or during sex differentiation in the pituitary of fish and amphibians and to initiate early gonadal differentiation [4] [5] [6] . Gonadotropins act on gonadal tissue via their cognate receptors, designated FSH receptor (FSHR) and LH/choriogonadotropin receptor (LHCGR). Both are membrane receptors which, together with thyroid-stimulating hormone receptor (TSHR), belong to the superfamily of G protein-coupled membrane receptors, which contain very large extracellular domains that contribute to ligand binding specificity [7, 8] . Through ligand binding, the GTH receptors (GTHRs) activate at least two distinct intracellular signaling pathways, adenylate cyclase and phospholipase C, which in turn initiate steroidogenesis either via steroidogenic acute regulatory (StAR) protein or by direct transcriptional activation of the steroidogenic enzymes [7, 9, 10] . After GTHRs were initially cloned in salmonids [11, 12] , they have been cloned and characterized in a number of fish species [13, 14] , including Nile tilapia [15] . Although a few studies have analyzed seasonal gene expression profiles of GTHRs by using reliable quantitative methods [13, 14, 16] , there is no information on the expression profiles of GTHRs during gonadal sex differentiation and development in fishes. Recently, in amphibian tadpoles, fshr expression was found to be significantly higher in gonads of the female frog Rana rugosa during sex determination than in those of males, while lhr was expressed at similar levels in males and females. These results suggested that FSHR, likely in conjunction with FSH, is involved in initiation of molecular gonadal differentiation to the ovaries through activation of estrogen production [17] .
The Nile tilapia Oreochromis niloticus is a gonochoristic teleost with a stable XX/XY sex determination system, with several advantages as a teleost model for studying sex determination and gonadal differentiation. For example, phenotypic sex in Nile tilapia can be manipulated by hormone treatment. All-female (XX) and all-male (XY) populations have been produced through artificial fertilization by crossing normal eggs (XX) with sex-reversed male sperm (XX) or super-male sperm (YY), respectively. The eggs hatch in approximately 4 days at 268C. The first morphological signs of gonadal sex differentiation appear in tilapia fry at 23-26 days after hatching (dah) with formation of the ovarian cavity in the XX gonad or the efferent duct in the XY gonad [18, 19] . Recently, we determined the specificity and precise timing of the expression patterns of 17 genes thought to be associated with gonadal sex differentiation in vertebrates in XX and XY gonads during gonadal sex differentiation [20] . In XX gonads, the transcript for aromatase (cytochrome P450, family 19, subfamily A, polypeptide 1a, cyp19a1a), an enzyme responsible for synthesis of estradiol-17b (E 2 ), was specifically expressed beginning at 5 dah, coinciding with up-regulation of forkhead box L2 (foxl2) expression, a transcription factor that activates transcription of cyp19a1a by binding with its promoter region [21] . In addition, transcripts for other steroidogenic enzymes responsible for synthesis of E 2 , cytochrome P450, subfamily XIA, polypeptide 1 (cyp11a1), hydroxyl-delta-5-steroid dehydrogenase, 3 beta (hsd3b), cytochrome P450, family 17, subfamily A, polypeptide 1 (cyp17a1), and hydroxysteroid (17-b) dehydrogenase 1 (hsd17b1), were also expressed in undifferentiated XX gonads as early as 5 dah [20] , suggesting the pivotal role of estrogen in ovarian differentiation of Nile tilapia. In undifferentiated XY gonads, the doublesex and mab-3-related transcription factor 1 (dmrt1) gene showed male dominant expression after 6 dah [20] . However, mRNA expression of the steroid 11b-hydroxylase (cytochrome P450, family 11, subfamily C, polypeptide 1, cyp11c1), an enzyme responsible for synthesis of 11-ketotestosterone (11-KT) was detected in XY gonads from 35 dah. These results imply that 11-KT is not essential for initiating testicular differentiation [20] . Thus, sex-specific expression of foxl2 and cyp19a1a in XX gonads and dmrt1 in XY gonads during the period from 5 to 6 dah is critical for differentiation of the gonads to the ovaries or testes in Nile tilapia. However, the factors that trigger sexual dimorphic expression of these genes are unknown, and whether GTHs are involved in the expression of foxl2 and cyp19a1a remains unclear. In mammals, the primary factor that stimulates cyp19a1a gene expression and enzyme activity is FSH [22, 23] . Although the relationship between GTHs (particularly FSH) and aromatase has been unclear in fishes, the possibility that higher expression of GTHs in the XX pituitary initiates female-specific expression (after 5 dah) of cyp19a1a in the Nile tilapia gonad cannot be excluded. To date, the nucleotide sequences of fshb and lhb have been cloned in the Nile tilapia, and the presence of their respective mRNAs in the brain has been confirmed by RT-PCR [4, 24] . Moreover, isolation of cDNA encoding GTHRs has been described in a previous study [15] . However, detailed information on the expression patterns of GTHs and their corresponding receptors during early gonadal sex differentiation is currently unavailable. Thus, to understand the roles of GTHs in gonadal differentiation, this study aimed to elucidate the precise expression profiles of FSH and LH and their receptors during gonadal sex differentiation in Nile tilapia.
MATERIALS AND METHODS
All experimental procedures complied with National and Institutional Guidelines for Care and Use of Laboratory Animals, and were approved by the Animal Research Committee of Hokkaido University.
Fish Rearing and Tissue Collection
Adult Nile tilapia were reared in fresh water (268C) under a 14L:10D photoperiod in indoor tanks and were fed commercial trout pellets ad libitum (Marubeni Nisshin Feed Co., Ltd., Tokyo, Japan). Under these conditions, females spawn repeatedly every 14-18 days. Eggs were stripped on the day of spawning and fertilized by the usual drying method. All-female (XX) and allmale (XY) populations were obtained by artificial fertilization of eggs from a normal female (XX) with sperm from a sex-reversed male (XX) or a super-male (YY), respectively, as described elsewhere [20] . Fertilized eggs cultured in a 50-ml round-bottom glass tube were kept rotating by injecting circulating water at 268C. Fry hatched 4 days after fertilization (daf). At 5 dah, fry were transferred to a 60-L aquarium and fed commercial food for fish larvae (Marubeni Nisshin Feed Co., Ltd.).
For quantitative RT-PCR (qRT-PCR) analysis, whole brains containing the pituitary were collected from the XX and XY populations separately at 3 (n ¼ 10), 5 (n ¼ 10), 7 (n ¼ 10), 10 (n ¼ 8), and 15 dah (n ¼ 8), due to surgical difficulty in separating the pituitary from the brain during these periods. From 25 dah, the pituitary can be distinguished by its white color and separated from the brain, and the pituitary alone was collected from each sex group at 25 (n ¼ 30), 40 (n ¼ 30), 60 (n ¼ 30), and 90 dah (n ¼ 20). Gonads were collected at 5 (n ¼ 70), 6 (n ¼ 70), 7 (n ¼ 70), 10 (n ¼ 60), 15 (n ¼ 60), 25 (n ¼ 40), 40 (n ¼ 20), 60 (n ¼ 10), and 90 (n ¼ 60) dah as previously described [20] . Tissues collected at each sampling point were pooled in a tube and immediately stored at À808C until used for RNA extraction. Sampling was repeated at least three times independently at each sampling point.
For immunohistochemical analysis, whole animals were collected at 1, 2, 3, and 5 dah, and head portions were collected at 7, 10, 15, 25, 40, and 60 dah (n ¼ 10 for all sampling points). Gonads attached to the trunk were dissected at 5, 7, 10, 15, 25, 40, 60, and 90 dah.
RNA Extraction and qRT-PCR
Primer sets for qRT-PCR were designed based on the cDNA sequences for growth hormone (GH; GenBank accession no. HM565014), Fshb (GenBank accession no. AY294015), Lhb (GenBank accession no. AY294016), Fshra (GenBank accession no. AB041762), and Lhcgrbb (GenBank accession no. AB041763) as described previously [20] . In addition to treatment of total RNA with DNase, each primer set was chosen with one primer flanking an intronexon boundary to avoid genomic DNA amplification. Primer sets are listed in Table 1 .
Total RNA was extracted from brains containing the pituitary or from pituitaries alone and from the gonads by using an RNA extraction kit (NucleoSpin RNA XS; Macherey-Nagel, Duren, Germany). Quantified RNA samples were subjected to one-step RT-PCR using an ABI Prism 7300 unit (Applied Biosystems, Foster City, CA). Reactions were performed with 10 ng of total RNA in a final volume of 20 ll, using a one-step RT-PCR kit (SuperScript III Platinum SYBR Green One-Step qRT-PCR kit; Invitrogen, Carlsbad, CA). Melting curve analysis was performed for each reaction to confirm single amplification. Data from qRT-PCR are expressed as means 6 SEM of at least three independent samples.
Synthesis of Recombinant Tilapia Gh and Fshb Proteins and Production of a Polyclonal Antiserum
Products of 337 bp for tilapia Fshb and 504 bp for tilapia Gh were amplified by PCR using specific primers (Table 1 ) from male tilapia (90 dah) pituitary cDNA. Amplicons were then inserted into a pCold II DNA vector with a 6-His tag at the N terminus (Takara Bio Inc., Otsu, Japan). Expression of recombinant proteins was induced in Escherichia coli (Origami; Novagen, Darmstadt, Germany). Purification of recombinant 11.88-kDa Fshb (11.02-kDa Fshb and 0.86-kDa His tag) and 18.56-kDa Gh (17.8-kDa Gh and 0.86-kDa His tag)-His fusion proteins was carried out under denaturing conditions using Talon metal affinity resins (Clontech, Mountain View, CA). Two New Zealand White rabbits were immunized subcutaneously with purified recombinant proteins emulsified in Freund adjuvant (Sigma-Aldrich, St. Louis, MO). Normal rabbit serum (NRS) samples were collected from the rabbits before immunization, and these two preimmunized sera were used as replicate negative controls. The specificity of the resulting antisera was tested by immunoblotting and immunohistochemical analyses.
Immunoblotting
To test the specificities of the antisera against O. niloticus Gh (anti-tGh serum) and Fshb (anti-tFshb serum), we used 20% SDS-PAGE, followed by Western blot analysis.
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The pituitary glycoprotein fraction was obtained from 20 female tilapia pituitaries 150 dah according to the method of Suzuki et al. [25] and subjected to SDS-PAGE. After electrophoresis, Western blot analysis was performed as described previously [26] . The blocked membrane was immersed overnight in 2 ml of 5% skim milk containing the primary antiserum diluted 1:500, which had previously been coincubated overnight at 48C with or without the synthetic recombinant protein (tGh: 300, 50, and 10 lg/ml; and tFshb: 200 and 10 lm/ ml). The negative control was treated by immersing the membranes in 2 ml of 5% skim milk containing NRS diluted 1:500.
Immunohistochemistry
Gonads, whole bodies, and head portions of larvae and pituitaries of adult fish were fixed in Bouin solution for 24 h, dehydrated in an ascending series of graded ethanol, and embedded in paraffin. Serial sagittal sections of 6-lm thickness were mounted on silanized slides (Matsunami Glass Ind., Ltd., Osaka, Japan) and subjected to immunohistochemical staining with a Histofine kit (Nichirei Biosciences Inc., Tokyo, Japan) according to the method of Saga et al. [27] . Sections were then examined with a microscope and digitally photographed.
To compare the distribution patterns of immunoreactive cells of XX populations with those of XY populations, immunoreactive Fsh cells were counted for midsagittal pituitary sections, and the mean values of eight samples from each sex group were calculated for each sampling point.
Some sagittal sections were also stained with conventional hematoxylin and eosin stain to observe the general structure of the pituitary gland at each sampling point. Immunostaining for Gh was also performed to identify the location of the pituitary cells and gland.
To demonstrate that labeling was specifically due to the primary antibody, a negative control was also performed for the adult tilapia pituitary; the primary antibody was replaced with NRS, with all of the other steps the same.
Statistical Analyses
One-way ANOVA followed by a mean comparison post hoc Tukey test was used to assess significant differences between XX group data and those of the XY group. Student t-tests were used to analyze significant differences between XX and XY groups at a particular time point. Significance was set at a P value of ,0.05 in all cases. Statistical analyses were performed using IBM SPSS statistics version 19 (IBM, Chicago, IL).
RESULTS

Expression Profiles of fshb and lhb mRNA in XX and XY Brains or Pituitaries
Gh, which is secreted from the adenohypophysis of the pituitary, can be detected at an early developmental stage of the tilapia pituitary; thus, it is a useful marker for confirming that the whole-brain samples contained the pituitary and for localizing pituitary tissue. Therefore, before investigating expression of GTHs, we confirmed expression of GH throughout the sampling period. Abundant copy numbers of gh mRNA were detected at the first sampling point (3 dah), and the levels increased in both males and females from 3 to 15 dah ( Fig. 1 , a and b). After 25 dah, gh mRNA levels increased rapidly and reached significantly higher levels in male than in female pituitaries at 90 dah. These results demonstrate that the whole brains used in the present study contained pituitary tissue at 3-15 dah and that the pituitary was successfully separated from the brain at 25-90 dah. 
GTHS AND GTHRS DURING EARLY SEXUAL DIFFERENTIATION
Changes in fshb mRNA levels in the brain or pituitary alone are shown in Figure 2 , a and b. In the early developmental period (3-15 dah), fshb mRNA was detected at low copy numbers in both female and male brains at the first sampling point (3 dah). Levels remained low to 25 dah with no significant differences between levels in XX brains and those in XY brains. fshb mRNA levels then increased gradually until 60 dah in both sexes. At both 40 and 60 dah, fshb mRNA levels were significantly higher in XY pituitaries than in XX pituitaries (P , 0.05). However, fshb mRNA levels in XX pituitaries increased to the levels of XY pituitaries by 90 dah. lhb mRNA was not detected in either XX or XY brains until 25 dah (Fig. 3) . Although lhb mRNA was detected after 25 dah in both XX and XY pituitaries, no significant differences were observed between the sexes throughout the experimental period (P . 0.05).
Expression Profiles of fshb and lhb mRNA in XX and XY Gonads
In the gonads, low copy numbers of fshb mRNA were detected from 5 to 25 dah without sexual dimorphism (Fig. 4a) . Moreover, expression of fshb mRNA was undetected after 40 dah. Expression of lhb mRNA was not detected in the gonads throughout the experimental period (Fig. 4b) . Moreover, low copy numbers of gh mRNA were detected at all sampling points without sexual dimorphism (Fig. 4c) .
Specificity of antisera against O. niloticus Gh and Fshb
Western blot analysis of the pituitary homogenate revealed the presence of an approximately 16.7-kDa anti-tFshb immunoreactive band and a 23-kDa anti-tGh immunoreactive band (Fig. 5a ). Immunoreactivity disappeared after coincubation of the antibody (anti-tGh or anti-tFshb) with the synthetic recombinant protein (tGh or tFshb) (Supplemental Fig. S1a , lanes 1-3 and 5-6; all Supplemental Data are available online at www.biolreprod.org). No immunoreactivity was detected in the membranes when the specific primary antibody was replaced with NRS (Supplemental Fig. S1a, lanes 4 and 7) . Immunohistochemically, anti-tFshb and anti-tGh antisera specifically recognized the particular cells in the proximal pars distalis (PPD) (Fig. 5, b and c) . No immunoreactive cells were detected in the tissue when the specific primary antibody was replaced with NRS ( Supplemental Fig. S1, c and d) . Thus, the antiserum generated in the present study had high specificity against the target hormones.
Morphogenesis of the Pituitary Gland and Localization of Fsh
The developmental process of the tilapia pituitary and the number of Fsh-immunoreactive cells (Fsh-ir cells) are shown in Figures 6 and 7 . At 1 dah, the pituitary consisted of a small mass of cells closely associated with the brain and inclined against the epithelium of the oral cavity, and the adenohypophysis had no clear boundaries between the rostral pars distalis (RPD), the PPD, and pars intermedia (PI) (Fig. 6, a1  and a2) . Moreover, the pars nervosa (PN) was not apparent and had not penetrated into the adenohypophysis. At 2 dah, the pituitary consisted of a small mass of cells with an ovoid shape similar to that at 1 dah; however, the pituitary extended horizontally along the oral cavity (Supplemental Fig. S2, a1  and a2) . A few Gh-ir cells were observed in both the XX and the XY pituitaries at 1 and 2 dah, but no Fsh-ir cells were observed (Fig. 6, a3-a6; Supplemental Fig. S2, a3-a6) . At 3 dah, the pituitary had separated from the epithelium of the oral cavity, and the connective tissues and blood vessels had penetrated between the pituitary and oral epithelium (Fig. 6, b1 and b2). The pituitary size and shape did not change substantially, and the adenohypophysis had no clear boundaries among the RPD, PPD, and PI until 25 dah ( Fig. 6;  Supplemental Fig. S2 ). Fsh-ir was first detected in the adenohypophysis of the pituitary in both males and females at 3 dah, and the numbers of Gh-ir and Fsh-ir cells subsequently gradually increased (Figs. 6 and 7) . The pituitary then developed and became more elongated. At 25 dah, the pituitary developed adult shape, and the adenohypophysis differentiated into the RPD, PPD, and PI (Fig. 6, f1 and f2 ). In addition, the PN penetrated the adenohypophysis. Increasing numbers of Fsh-ir cells were observed at 40 and 60 dah, but there was no sexual dimorphism throughout the sampling point (Fig. 7) .
Expression Profiles of fshra and lhcgrbb mRNA in XX and XY Gonads fshra mRNA was detected initially (5 dah) at similar levels in the XX and XY gonads, but its expression in the XX gonads was significantly higher than in the XY gonads from 6 to 25 dah (P , 0.05), reaching its highest level at 20 dah (Fig. 8a) . fshra mRNA levels decreased after 20 dah in the XX gonads. fshra mRNA levels remained relatively low from 5 to 25 dah in the XY gonads and then increased gradually from 40 to 90 dah. At 90 dah, the fshra mRNA levels were similar in the XX and XY gonads (Fig. 8a) .
lhcgrbb mRNA was expressed at similar levels in the XX and XY gonads from 5 to 7 dah (Fig. 8b) . lhcgrbb mRNA levels in the XX gonads increased to significantly higher levels than those in the XY gonads from 10 to 25 dah (P , 0.05). The levels in the XY gonads remained low from 5 to 25 dah and then markedly increased after 40 dah. In contrast, the levels in the XX gonads decreased from 40 to 90 dah. lhcgrbb mRNA levels in the XY gonads were significantly higher than in the XX gonads from 40 to 90 dah (P , 0.05) (Fig. 8b) .
DISCUSSION
In the present study, expression levels of GTHs during gonadal sex differentiation and development in the brain (3-15 dah) or pituitary (25-90 dah) were precisely examined by qRT-PCR. Fshb and lhb showed distinct expression patterns in the Nile tilapia. Fshb mRNA was detected in both female and male pituitaries as early as the first sampling point (3 dah), consistent with previous results using RT-PCR [4] . On the other hand, expression of lhb mRNA was not detected until 25 dah. Species-specific variation in the expression patterns of GTHs have been previously described for other fishes through immunohistochemical observations. In the gilthead seabream (Sparus aurata), Fsh-ir and Lh-ir cells were observed in larvae 22 days post-hatching (dph) and in juveniles 82 dph, respectively, when the gonads were still undifferentiated [28] . In the cichlid fish (Cichlasoma dimerus), Fsh cells were first observed in the pituitary at 21 dph (prior to morphological sex differentiation), whereas Lh cells were detected by 60 dph (during the morphological sex differentiation period) [29] . In the mummichog (Fundulus heteroclitus), Fsh cells appeared around 1-2 weeks after hatching (wah), at or slightly before morphological sex differentiation at 2 wah, while Lh cells appeared later (6-12 wah), after initiation of early gonadal differentiation [30] . In contrast, in the pejerrey (Odontesthes bonariensis), Lh cells appeared 1-2 weeks before Fshexpressing cells [31] . However, the available data for GTHs during early development have been limited by the low sensitivity of immunohistochemistry, and, thus, detection of the protein may have been delayed with respect to actual expression of the transcripts. qRT-PCR provides better specificity and sensitivity than immunohistochemistry, and a few recent studies have described expression of gths mRNA levels during early sexual development periods. In Senegalese sole (Solea senegalensis), fshb transcripts were first detected at 1 dph [32] , while lhb was not detected until 5 dph. Wong et al. [33] also reported fshb but not lhb in embryos of gilthead seabream as early as 1 day post-fertilization and suggested the predominant role of FSH in early establishment of the reproductive axis [33] . These species-specific chronological appearances of Fsh and Lh suggest the specific roles of each 
GTHS AND GTHRS DURING EARLY SEXUAL DIFFERENTIATION
gonadotropin in the early development of fishes and, in general, earlier expression of FSH than LH during development. The present data are consistent with this general observation and further suggest that unlike FSH, which appears to have a dominant role, LH seems not to have any role in early sex differentiation of the tilapia.
In the present study, the precise expression patterns of fshb and lhb mRNA in whole brain or pituitary alone in XX and XY populations were investigated. fshb mRNA was expressed before the critical sex differentiation period (5-6 dah); however, there were no significant sex differences in its levels, except at 40 and 60 dah. Moreover, there were also no differences in the expression levels of lhb mRNA between the sexes throughout the experimental period. These data suggest that differences in gths levels in XX and XY pituitaries may not play a critical role in gonad differentiation of the ovaries or testes. In the Nile tilapia, the period of 5-6 dah is critical for sex differentiation, due to the differential expression of foxl2 and cyp19a1a occurring in the XX gonads and dmrt1 in the XY gonads during this period. Production of E 2 after 5 dah in XX gonads is essential to triggering ovarian differentiation [20] . Production of Fsh shortly before this critical period indicates that FSH may be necessary for gonadal development. Previous studies have suggested that both FSH and LH may stimulate E 2 production in vitro in salmonids and mummichog [34, 35] . In mammals, pituitary gonadotropins are necessary for normal gonadal development [36] . Taking our results together with those of these studies, FSH may contribute to production of estrogen in XX undifferentiated gonads of tilapia.
Interestingly, fshb mRNA levels were higher at 40 and 60 dah in male pituitaries than in female pituitaries. Our previous study demonstrated that increased expression of transcripts of four steroidogenic enzymes in male gonads occurred during the period of 35-70 dah, as follows: cy11a1 (encoding the cholesterol side chain cleavage enzyme P450scc), hsd3b (encoding 3b-hydroxysteroid dehydrogenase/D 4 -D 5 isomerase), cyp17a1 (encoding P450c17type1, steroid 17a-hydroxylase/C 17-20 lyase), and cyp11c1 (encoding steroid 11b-hydroxylase, P45011b) [20] . In male tilapia, active spermatogonial proliferation is not observed until 20-25 dah, initiation of spermatogenesis occurs at 70 dah, and spermatozoa first appears in the testes at approximately 100 dah [18] . In the Japanese eel, Ohta et al. [37] investigated the effects of Fsh on in vitro spermatogenesis, using recombinant eel Fsh and found that Fsh acts on spermatogenesis via the production and secretion of 11-KT, which in turn stimulates spermatogenesis. Therefore, the increase in fshb mRNA at 40 and 60 dah in the male tilapia suggests that FSH may be involved in initiation of spermatogenesis in males via increasing steroidogenic activity, producing 11-KT in the male gonad.
In the present study, fshb mRNA was also detected in the gonads from 5 to 25 dah at low levels without sex differences. Additionally, lhb mRNA was entirely undetected in the gonads throughout the sampling period. We also investigated the actual expression levels of Fshb and Lhb proteins in the gonads 5-90 dah using anti-tFshb and anti-tLhb antisera (Supplemental Fig. S3 ). Fshb-ir cells were not observed except in XY fish at 40 dah, and Lhb-ir cells were not detected at any sampling point. Recently, studies have demonstrated expression of fshb and lhb mRNAs in tissues other than the pituitary. Extrapituitary expression of GTHs is considered common among vertebrates. In gilthead seabream (S. aurata), expression of fshb and lhb mRNAs were observed in oocytes by in situ hybridization [38] . In zebrafish (Danio rerio), the three subunits of gonadotropin were found to be widely expressed in the brain, kidneys, and liver [39] . A recent study of the southern catfish (Silurus meridionalis Chen) demonstrated that the mRNAs of the three gonadotropin subunits were expressed not only in the pituitary but also in the gonads with a sexually dimorphic pattern (in the ovaries but not in the testes). cga and fshb mRNAs were expressed in the ovaries after 25 dah, while lhb mRNA appeared after 40 dah [5] . Because mitosis of primordial germ cells in southern catfish began at 2 dah and rapid oogonia proliferation was observed beginning at 35 dah, it was suggested that FSH and LH secreted by the ovaries might play important roles in primordial germ cell proliferation Bars correspond to SEMs. Letters indicate statistical differences at P , 0.05, Tukey test. Lowercase or uppercase letters indicate comparisons within XX or XY groups, respectively. ND, not detectable; **, significant differences between the XX and XY groups (P , 0.01); *, significant differences between the XX and XY groups (P , 0.05), Student t-test. Molecular, molecular sex differentiation period; Morphological, morphological sex differentiation period.
and early ovarian differentiation, respectively [5] . Although Wu et al. [5] suggested that higher gonadal expression of GTHs may be involved in gonadal development and sex differentiation, the detailed physiological roles of extra-pituitary GTHs and their regulatory mechanisms remain unclear. In the Nile tilapia, expression of fshb mRNA was low without sex differences in the gonads, and Fsh protein was not detected in the gonads except in XY tissues at 40 dah during the sampling period, indicating that gonadal FSH has a limited role in gonadal sex differentiation in this species. The absence of expression of gonadal lhb mRNA and Lhb protein indicates that gonadal LH plays essentially no role in gonadal sex differentiation.
Although fshb mRNA are expressed as early as 3 dah in the tilapia pituitary, physiologically significant amounts of Fsh protein are expected to be produced later than that. Using heterologous antibodies against Fshb of red seabream (Pagrus major), Sakai et al. [40] demonstrated that Fshb immunoreactivity appeared in the pituitary of XY males of Nile tilapia by 20 dah and in XX females by 28 dah. Our previous study did not detect Fshb cells in the pituitary until 90 dah, using anti-eel Fshb serum (Quan Wu et al., unpublished data). Therefore, in the present study, to identify expression of Fsh protein by using more sensitive tilapia-specific antibodies, anti-tFshb antibodies were generated using recombinant tilapia Fshb as the antigen. Simultaneously, anti-tGh antibodies were generated to identify pituitary cells before formation of distinct pituitary tissue. In a Western blot analysis of pituitary homogenate, the anti-tGh antibody recognized a 23-kDa immunoreactivity band, the size of the deduced amino acid sequence of Gh mRNA. The antitFshb antibody labeled a product of approximately 16.7 kDa, while the calculated size of Fshb protein is 12.4 kDa. According to Aizen et al. [41] , after deglycosylation of the pituitary gonadotropins in the presence or absence of Nglycosidase F (PNGase F), the glycosylated forms were reduced to the nascent translated protein [41] . The greater detected size likely reflects the degree of glycosylation of the tilapia. In adult tilapia, Gh-ir and Fsh-ir cells were observed within the PPD of the pituitary, and Fsh-ir cells were closely associated with the Gh-ir cells. These results are in agreement with those of a previous study using in situ hybridization [42] with a cDNA probe and immunohistochemical analysis using heterologous antibodies [43] . Using these two antibodies, development of the pituitary tissue and changes in localization and abundance of Fsh-ir cells were investigated during sex differentiation in the tilapia, and Fsh-ir cells were first detected in the pituitary at 3 dah, much earlier than described previously [24, 40] . Fan et al. [4] reported the presence of fshb mRNA in the pituitary as early as 0 dah, while Fsh-ir cells were observed after 3 dah in the present study. This suggests that a translational delay may occur between transcriptional activation and protein expression of Fsh, as described in a study of the gilthead seabream; fshb mRNA was detected in embryos 1 daf by qRT-PCR, while Fshb protein was first detected at 11 dah by immunohistochemistry [33] . Although Fsh-ir cells were observed before the critical period of tilapia gonadal sex differentiation (5-6 dah) in the present study, the abundance of the Fsh-ir cells in the XX and XY tilapia pituitaries did not differ at any sampling point. Together with the expression pattern of fshb mRNA, these results suggest that Fsh is necessary for gonadal development of Nile tilapia. Nevertheless, gonadal sex differentiation is probably not controlled by the relative levels of Fsh in the pituitaries between males and females of this species.
The precise expression patterns of fshra and lhcgrbb mRNAs of this species were also investigated. fshra mRNA expression was observed in the gonads of both sexes at the first sampling point (5 dah), and the levels were significantly higher in the XX gonads than in the XY gonads from 6 to 25 dah. lhcgrbb mRNA was expressed at similar levels in the XX and XY gonads from 5 to 7 dah, and then levels of lhcgrbb mRNA in the XX gonads became significantly higher than that in the XY gonads from 10 to 25 dah (sexual dimorphism appeared later than that of fshra). Therefore, female overexpression of GTHRs, especially fshra, may be important for the undifferentiated gonads to differentiate into either ovaries or testes in Nile tilapia. In chickens, both lhr and fshr mRNAs are expressed in the gonads before and during sex differentiation and are higher in female gonads than in male gonads, concomitant with aromatase overexpression [44] . In the frog R. rugosa, fshr expression was significantly higher in the gonads of female tadpoles during sex determination than in those of males, whereas lhr was expressed at similar levels in males and females [17] . In the rainbow trout Oncorhynchus mykiss, lhcgrba was highly expressed in all samples of the early ovarian group, coincident with the expression pattern of cyp19a1a [45] , suggesting a plausible role of lhcgrba in ovarian differentiation. Although species-dependent expression patterns of GTHRs have been observed in previous studies, it was suggested that GTHRs, likely in conjunction with GTHs, were involved in female sex differentiation in those animals. Interestingly, in the present study, although lhb mRNA was absent in the brain during 5-15 dah, lhcgrbb mRNA was detected in the gonads during this period. Moreover, Lhb-ir cells were detected in the tilapia pituitary from 25 dah (Shuang YAN ET AL. 8 Article 116
Li et al., unpublished data). In mammals, FSH and LH are highly specific for their cognate hormones, with less than 0.1% cross-activation [46, 47] . However, in teleosts, this functional duality of gonadotropins is less apparent. In amago salmon (O. rhodurus) and purified chum salmon (O. kisutch) FSH and bovine FSH stimulated cAMP production by COS cells expressing amago salmon FSHR and LHR, whereas chum salmon LH activated only amago salmon LHR [11, 12] . The possible role of lhcgrbb in sex differentiation may occur through interaction with FSH but not LH during 5-15 dah. In Japanese flounder, Paralichthys olivaceus, in which sex differentiation is strongly affected by high temperature, FSH signaling and foxl2 have been shown to be involved in transcriptional regulation of cyp19a1a during gonadal sex differentiation [48] . In the Nile tilapia, foxl2 expression is considered to play a decisive role in ovarian differentiation by elevating cyp19a1a transcription and possibly the entire steroidogenic pathway [21] . We demonstrated in the present study that higher expression of fshra mRNA occurred in female gonads during early ovarian differentiation. Thus, earlier expression of FSH before the critical period of sex differentiation and higher expression of fshra in XX gonads may be necessary for E 2 production through induction of cyp19a1a transcription and subsequent female sex differentiation in the Nile tilapia. It has been reported that aromatase gene transcription is stimulated by gonadotropin via the cAMP second messenger and that the transcription factor cAMPresponsive element (CRE)-binding protein binds a CRE-like sequence in the aromatase promoter in the rat [49] . In teleosts, including Nile tilapia, several putative CRE-like sequences are found in the cyp19a1a promoter [50] , and cyp19a1a gene expression is induced by gonadotropins in the ovaries [51, 52] . Thus, cyp19a1a gene transcription is likely regulated by gonadotropins via cAMP during ovarian development in most vertebrates. To confirm the distinct role of FSH in ovarian differentiation of the tilapia in further studies, it will be necessary to identify the localization of fshr-expressing cells in undifferentiated gonads, and the relationship between FSH signaling and cyp19a1a transcription. Alternatively, the possibility that FSH signaling acts at cells other than where cyp19a1a is expressed cannot yet be ruled out as an independent pathway. In XY tilapia, fshra mRNA levels were low from 5 to 25 dah and then increased from 40 to 90 dah. Over the past few years, dmrt1 has been suggested as an important transcriptional regulator of male differentiation required for testicular development in vertebrates [53] [54] [55] , expressed in Sertoli cells in medaka and tilapia [55, 56] . In the Nile tilapia, we previously reported an increase in dmrt1 mRNA expression in XY gonads after 6 dah [20] . In the rat, dmrt1 mRNA levels were high in freshly isolated Sertoli cells but decreased significantly when the cells were cultured for 24 h. However, treatment of Sertoli cells with either FSH or 8-bromo cAMP resulted in a significant rise in dmrt1 mRNA levels, suggesting that dmrt1 expression may be positively maintained by FSH stimulation [57] . In the XY gonads of the tilapia, dmrt1 mRNA was specifically expressed, but fshra mRNA was expressed at significantly lower levels during early sex differentiation in gonads, indicating that a small amount of fshra may be sufficient to initiate and maintain dmrt1 expression. Further studies of the relationship between FSH and Dmrt1 are required to determine the role of FSH in gonadal differentiation in tilapia. Although lhcgrbb mRNA was observed in the gonads of both sexes at initial sampling and showed sexually dimorphic expression from 10 to 25 dah, expression of LH did not appear until 25 dah in the pituitary. Thus, it appears that LH does not play any role in the gonadal sex differentiation before 25 dah in the Nile tilapia. Moreover, expression of lhcgrbb mRNA increased in male gonads from 40 to 90 dah and was significantly higher than that in females, indicating that LH may also be responsible for spermatogenesis in males, in addition to FSH. However, these conclusions are based on the mRNA expression levels of these genes; expression of the proteins should also be investigated in the future.
In summary, the present study elucidated the precise expression patterns of FSH and LH and their receptors FSHRA and LHCGRBB in the Nile tilapia during gonadal sex differentiation and development. Considering the expression patterns of cyp19a1a, foxl2, dmrt1 and steroidogenic enzymes in our previous study (Fig. 9) , the results obtained here indicate that FSH in the pituitary is not critical for differentiation of the gonads into ovaries or testes; however, its gonadal receptor fshra may be involved in gonadal differentiation, especially in promoting ovarian differentiation. Future study is needed to clarify the role of FSH signaling in gonadal sex differentiation of the Nile tilapia.
